Epidemiological modelling is an important approach used by the 
Introduction
In the United States (USA), the approach for handling an outbreak of The USA is currently FMD-free and has been so since 1929 (1) .
Consequently, direct experience with the disease is limited to a tiny fraction of the veterinarians, scientists and producers who would be heavily engaged during an outbreak. Incident Commanders of potential FMD outbreaks have expressed considerable support for early vaccination as a response component (8) . Indeed, 'intensive, large-scale food production systems are at risk of destruction and bankruptcy if traditional massive depopulation is pursued in a foreign animal disease response' (9) .
The risk of FMD introduction through live animal imports is low (10) No. 29092015-00061-EN 4/24
Materials and methods
The North American Animal Disease Spread Model (NAADSM Version 3.2.18) (12) was used to simulate an FMD outbreak in MN.
Important vaccine explanatory variables included:
-vaccine delivery times ('shipment delay') (7, 14 or 21 days)
-the capacity to administer the vaccine (no vaccination, 50 herds per day or 1,500 herds per day)
-the time lapse (four or seven days) between vaccine administration and the development of effective vaccine immunity (hereafter referred to as 'immunity delay'.
These three vaccination-related parameters were compared for their impact on the following outcome variables:
-numbers of infected farms -numbers of infected animals -duration of active disease -duration of outbreak.
Disease duration refers to the number of days of active spread of FMD; outbreak duration refers to the number of days from the beginning of the outbreak until completion of all disease control measures, even after disease spread has ceased. In the model used here, vaccination may continue after disease spread has ceased. Details of the model are explained in a companion paper (11) that describes the development of the epidemiological model and the outcomes associated with disease spread. In brief, MN subject-matter experts provided MN-specific data used to parameterise the NAADSM in order to model a MN outbreak and the associated use of vaccine. In that paper (11), the type of production system (dairy or large-scale swine production) in which the outbreak began was found to be important. No definitive policy exists for determining when to implement FMD vaccination in the USA (1) . Certainly, the size and speed of spread of an outbreak would influence the triggering of vaccine use (1, 8) .
Based on discussions held with USDA personnel and MN subject- When vaccination capacity was set at 50 herds per day, each detected herd triggered a 10-km vaccination ring. However, when capacity was set at 1,500 herds per day, the vaccination ring was set at 240 km. In both vaccination applications, overlapping vaccination rings did not result in repeated vaccination of already vaccinated herds. Herds were not vaccinated primarily on the basis of proximity to a detected herd but in accordance with the vaccination order parameter, which was a model parameter that set which production type would be vaccinated first, second and so on. Once vaccination was implemented within a given radius around the detected farm, the first farms vaccinated were dairy, followed by large swine, then beef, then small swine, and then small ruminants.
Statistical differences between means were evaluated using SAS version 9.2. Multivariate analysis of variance was used to assess mean differences associated with the following explanatory variables: type
No. 29092015-00061-EN 7/24 of production system in which the outbreak began (starting herd), vaccination scale (capacity), differences in immunity delay, and differences in shipment delay. Data associated with outbreak duration, number of farms infected, number of animals infected and disease duration were used as outcome variables. Interaction effects were also evaluated but are not included for discussion, because the overall complexity of interactions was beyond the scope and capability of the simulation. A p value of 0.05 was considered statistically significant.
Results
Large-scale (1,500 herds per day) emergency vaccination reduced the size of the modelled FMD outbreak for both production types (Figs 1 and 2), and the effect was larger when the outbreak began in a dairy herd than when it began in a swine herd (Figs 1 and 2 ). This was evident when outbreak size was measured as the number of farms infected ( Fig. 1 ) or as the number of animals infected (Fig. 2) . When the outbreak began in a dairy herd, the number of infected farms typically decreased by about half when large numbers of herds (1,500)
were vaccinated per day, compared with small numbers of herds (50) (Fig. 1) ; the number of infected animals decreased by about 75%
when compared with no vaccination (Fig. 2) . In contrast, when the outbreak began in swine, large-scale vaccination decreased the number of infected farms by about 10% (Fig. 1 ) and the number of infected animals by about 25% (Fig. 2) , compared with no vaccination. When large-scale vaccination was compared with baseline or small-scale vaccination, differences in all mean values were significant.
Regarding duration, when the modelled FMD outbreak began in a dairy herd, large-scale emergency vaccination was more effective than small-scale vaccination in reducing both outbreak duration and disease duration ( Figs 3 and 4) . Disease duration decreased by approximately 10-20 days, but showed little change for outbreaks that began in a swine herd (Fig. 3) ; outbreak duration decreased by about half in outbreaks that began in a dairy herd, but showed little change for outbreaks that began in a swine herd (Fig. 4) .
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Immunity delay did not have a noticeable effect on outcomes; the differences in outcome variables were not statistically significant (Figs 1, 2, 3 , and 4).
The quantity of vaccine used was markedly higher when large-scale vaccination was compared with small-scale vaccination (Table I ). The numbers of animals and herds vaccinated were substantially higher for outbreaks that began in a dairy herd than in a swine herd.
Discussion All outcomes support vaccination on a large scale
The value of large-scale vaccination was confirmed in the present study, as in others (4, In an extensive review of the eradication of FMD, Sutmoller et al. (2) state that vaccination drastically reduces rates of incidence and morbidity, as well as the amount of virus circulating during outbreaks.
However, there is some concern about diagnostic complications and 
Differences between swine and dairy herds
Another important finding in the present study was the difference between dairy herds and swine herds. Outbreaks that began in swine were consistently smaller in size (fewer infected farms/animals) and shorter in duration of both disease and outbreak. There is consensus among industry experts that many risk parameters for disease transmission are lower in swine than in dairy herds (11), which is the probable explanation for these findings. Although swine have long been thought to be virus amplifiers, results from the present modelling study suggest that airborne transmission from swine operations is not a major influence on FMD spread.
Vaccination capacity
The available capacity for vaccination is crucial when considering 2 ). In the present analyses, all the animals in an infected herd were assumed to be depopulated. In the event of an outbreak, producers would receive indemnity payments for each of these animals; they could also be entitled to additional payments if animals in at-risk, but non-infected farms, were also depopulated; however, this circumstance was not considered in the present study.
The overall risk of introduction of FMD into the USA is unknown.
The risk through importation of live animals has been estimated as extremely small, equivalent to one introduction every 241 years (10) .
It may be difficult to justify governmental spending on vaccination for events of such low probability (10) In the USA, the approach to an FMD outbreak would be 'a scienceand risk-based approach that protects public and animal health and stabilizes animal agriculture, the food supply, and the economy … at all times' (1). This approach includes many factors influencing the use of FMD vaccination: resources for vaccination, speed and degree of spread of the outbreak, public acceptance of stamping out, and assessments and economic analyses of competing control strategies
(1).
Conclusions
Vaccination is a powerful tool in the control of FMD outbreaks as it reduces transmission and may be the major contributor to mitigation of risk. All outcomes show that vaccination on a large scale is more effective than that on a small scale. The present study supports these statements, especially in the dense populations of production animals found in MN, where average herd sizes are generally larger than in many countries around the world. Specifically, large-scale emergency vaccination reduced the size of the modelled FMD outbreak in MN for both dairy and swine production. In addition, the effectiveness of large-scale vaccination is supported by its use in the Netherlands (2001) (3), Japan (2010) (7), and many other countries (2, 6, 23 The effect of different model parameters on outbreak duration Minnesota livestock population was 11,228,000 animals in 46,650 herds (11) 
